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NOTICE 

.This report was prepared as an account of Government-sponsored 
work. Neither the United States nor the National Aeronautics and 
Space Administration (NASA), nor any person acting on behalf of 
NASA: 

A) Makes any warranty or  representation, expressed or  implied 
with respect to the accuracy, completeness, or  usefulness of 
the information contained in this report or  that the use of any 
information, apparatus, method, o r  process disclosed in this  
report may not infringe privately-owned rights; or 

a\ Anc..-.An l:fil-:l:+:e- ..<+h __,.---- c L- A;-- .- _ -  . e  -, L . Y " U I * L " U  U"AJ I I U U I I A U I U U  VVILZI L b U p b b  L U  L I l G  UDG U J . 9  Ul I"Ul 
damages resulting from the use of any information, apparatus, 
method or  process disclosed in this report. 

A s  used above, "person acting on behalf of NASA" includes any 
employee or  contractor of NASA, or employee of such contractor, 
to this extent that such employee or contractor of NASA, or em- 
ployee of such contractor prepares, disseminates, or provides 
access to, any idormation pursuant to his employment or contract 
with NASA, or his employment with such contractor. * 
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1. INTRODUCTION 

This Topical. Report presents the results of studies performed by the General Electric 

Missi le  and Space Division during the nine month extension of Contract NAS 3-2533, Study 

of Electric Propulsion for Unmanned Scientific Missions. Five reports * were  issued in 

the original contract under the title of Research on Spacecraft and Powerplant Integration 

Problems; 

This program, lfNAVIGATOR, 

Research Center. The program objective is to determine requirements for the nuclear- 

electric power generating systems required in the NASA unmanned scientific probe missions 

throughout the solar system, which are beyond the capabilities of the presently envisioned 

was  initiated by GE-MSD under contract to the NASA Lewis 

chemical rocket propelled vehicles. 

In the original contract, consideration was given to vehicles powered by advanced nuclear 

p u w ~ 1 p b ~ s  aii i’rrrusiers i h i  began eieczric propuision Worn earth orbit or at escape velo- 

city. In the contract extension, consideration is given to earlier powerplants with inodeat 

technology requiremei:ts that are  launched toescape and beyond to reduce the trip time. 

Thw, the two studies combine to 

cle capabilities. 

a large spectrum of nuclear cloctric propelled velii- 

The results obtained in the current nine month study extension are presented in three 

volumes. These are: 

* 1. 63SD760, First Quarterly Report, 26 April to 26 July, 1963; 

2. 63SD886, Second Quarterly Report, 26 July to 26 October, 1963; 

3. 64SD505, Mission Analysis Topical Report, February 26, 1964; 

4, 64SD700, Third and Fourth Quarterly Report, 26 October 1963 to 26 April, 1964; and 

5. 64SD892, Spacecraft Analysis Topical Report, July 24, 1964, NASA Docum-ent 
CR-54159. 
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yoIumc 1 - Volume 1 (CR-54324) ellcompasses the mission analyses. It describes 

the analytical techniques applied in the analyses; it presents the vehicle and po\t.er- 

p m t  requirements in terms of trip time, power level, and payload for optimum 

orbiter and flyby missions as accomplished by electrically propelled spacecraft; 

_cILI 

a d  it presents f&e payload and trip time capabilities for  chemical and chemical 

pIus nuclearly propelled spacecraft for the same missions. 

Volume 2 - Volume 2 (CR-54348, Classified CRD) compares first generation 

nuclear powerplants based upon an uprated SNAP-8 Mercury/Rankine Cycle, the 

Brayton Cycle, and the Potassium/Rimkine Cycle power systems. The compari- 

son shows that only the Potassium/Radk-ine system can result in a powerplant of 

sufficiently low weight to competitively accomplish a useful scientific mission. 

Payloads for the vehicles and operating modes for the powerplants are discussed, 

* Volume 3 - the present Volume (CR-54349) relates the mission requirements 

described in Volume 1 to the power system/vehicle capabilities discussed in 

Volume 2. It thus defines those missions that can be accomplished with power- 

Dian-cs 01 13ou-i early itnu Iorseeame tecnnoiogy a m  11; compares me caFauiimes 01 

nuclear electric propelled spacecraft with those of chemically propelled spacecraft 

and with those of chemical plus nuclear rocket propelled spacecraft. 

The results show that there are usefi.il scientific missions that can be accomplished more 

advantageously with nuclear electric vehicles of even modest specific weights than with 

vehicles utilizing either all chemical o r  chemical plus nuclear rocket propulsion. A process 

of orderly development is, therefore, available whereby the early powerplants can be used 

for the near planet missions and the experience gained in these applic;,ions used to decrease 

W(7erplant specific weights. These improvements will  provide power of less than 30 lb/KC"Je 

zm required for more digicult planetary exploration. 



2. SUMMARY 

This section summarizes the results p 

The Navigator inission studies previously reported were concerned with the capabilities of 

nuclear powerplant and thruster technology. These studies involved the 

tion of planetary orbiter missions to each of the planets of the solar system except Mars and 

Venus, a solar probe, and an out-of -the-ecliptic mission, Payload requirements for pro- 

viding planetary and satellite soft landing capsules, high resolution radar, television, and a 

number of sophisticated scientific experiments were identified and assumed for each of the 

NAVIGATOR missions. The studies were limited to the use of a single chemical propulsion 

stage beyond orbit and, in general, used a propulsion-coast-propulsion profile for the 

nuclear-electric phase of each mission. Although the results illustrated the suitability of a 

A 212 plyIYUIrlULICI LVZ U W U ~  VI LAG I Y A v I u A I V I L  UUBDLULIL, LLIVPS:L*~:~LC:U,  uropulsion reqmre- . . "  , n . .  _-.--- . - - -  . . " ." W Z I I  

ments ranging from 3090 to 25,000 hours werr obtained with coasting requirements up to 

20,000 hours. Only three of the missions investigated could be performed within 10,000 

hours of propulsion. 

The present study considers an "Early-technologytt powerplant involving powerplant specific 

to 70 lbs/kwe, power levels of 100 to 400 kwe, and operating lifetimes 'up to 

15,000 hours. Planetary fly-by missions a re  considered in addition to the previous orbiter 

missions. The number of initial chemical propulsion stages is increased to tvvo stages to 

provide a maximum high thrust characteristic velocity of 40,000 fps as a means for reduc- 

a means of eliminati 

of operation at full power, The 

ts of variable specific impulse operation 

hich to compare 
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cnt develops a set of 

b M n  low thrust propulsio 

missions inthe 

a series of mission perfo 

e vmiation in mission payload capabilities for each mission as a func- 

e and powerplant specific weight. Auxiliary parameters displayed on 

maps include propulsion time, power rating, specific impulse, and rocket character - 
~~~~~ velocity. Comparable data is presented, for each mission, illustrating the perform - 

0 czpabilities of chemical and nuclear propulsion for the NAVIGATOR type missions. 

(I 1 * 2 FLYBY MISSIONS 

Fly-by performance data is given for the solar probe, Mercury, Asteroid, Jupiter, and 

m n  missions for the Saturn 1B booster and an electric propulsion stage. These data are 

baaed unon the use of the SIB to earth orbit and nuclear-electric nronulsion from earth orhit- 

' f ie solar probe and Mercury fly-by data assumes a minimum ion engine specific impulse of 

3% 000 seconds and cover a propulsioq time range of 1,000 to 5,000 hours. Attractive pay- 

303& are obtained for the Asteroid probe and the Jupiter fly-by for the complete range of 

~ ~ ~ v ~ ~ ~ ! a n t  specific weights with less than 15,000 hours propulsion time. The Saturn fly-by, 

the other hand, requires in excess of 20,000 hours propulsion time with powerplant specific 

wights of 50 lb/kw or greater, It represents, therefore the iimiting case for application 

Of tho Saturn 1B to &e NAVIGATOR missions. 

~ ~ ~ ~ ~ ~ ~ ~ ~ n c e  data is repeated for the Saturn, Uranus, Neptune, and Pluto fly-bys and Out- 

e-Ecliptic-Probe Ma a e  Saturn 5 booster and an additional one to two stages of high 

These data are shown for operation at  10,000 and 15,000 hours propul- n, 
time. The trip time requirements for these missions range from 10,000 to 38,000 

mpulse from 4,000 to 7,500 seconds. 

m payload at a gi 

>z 



2.1.3 ORBITER lMISSIONS 

Orbiter performance data is shown for the Saturn V booster with one or two stages of high 

thrust propulsion. A minimum specific impulse of 3000 seconds is used for the Mercury, 

Venus, and Mars orbiters. Propulsion time requirements for these missions range from 

1 ,000  to 5,000 hours. The optimum specific impulse ranges from 3,000 to 16,000 seconds 

for  the remaining orbiter missions. The corresponding propulsion times are 4,000 to 

30,000 hours. 

2.1.4 VARTABLE SPECIFIC IMPULSE 

Investigations o€ the effects of variable specific impulse showed a 10% performance 

improvement for impulse variations of 1 0  to 15% for the relatively easy fly-by and orbiter 

missions, This improvement disappears for the more difficult missions. 

2.2 VOLUME 2: COMPARJiSON OF NUCLEAR POWER SYSTEMS 

. 

. 
An up-rated S N A P 4  Power System, 

A two-loop Brayton Cycle System with a NaK cooled, Uranium carbide 

fueled reactor, and 

A three-loop Potassium/RanE;ine Cycle System with the same reactor. . 

These data cover the range aE power levels from 40 to 400 KWe and a wide range o€ power 

system operational conditions. Each major subsystem o r  component is examined separate- 

ly and the weights determined are used to provide reliable estimates of total powerplant 

weight. At equivalent technologies, the weights for the three system are compared, includ- 

ing consideration of operational €actors. The system weights and operating conditions are 

based on a conservative level of "first-geiieration" technology f o r  nuclear systems. 

particular, temperatures are limited to those that are compatible with non-refractory 
metals, moderate component efficiencies are assumed, presently fabricable radiator 
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cr!cf, K'~K is the reactor coolant, and reactor temperature is limited. to 

of SNAP-50. These conservative conditions yield powerplant specific 

&esn 20 to 30 lb/KWe usually determined; however, the weights a re  likely 

dta. **ff re;t -generation" powerplants 

uranium carbide fueled reactor provides a maximum coolant outlet tem- 

f%:150 F nnd an energy output of 14,000 MW-hr with the minimum size reactor. 

f fs tpurtiup limited and the core size must be increased for greater outputs. 

0 

g vccre determined for a range of reactor sizes, power levels, operating 

zg angles, payload dose and payload separation distances. Generally, in 

ng is evaluated for the MHD Arc  jet, the contact ionization, and the Elec- 

fit c:lcctric propulsion engines. These engines can provide specific im- 

f.;*;~Jr~cd r a g e  of 2500 to 7000 seconds. The specific weight of the power 

Wimt ranges from 1 to 3 lb/KWe in inverse relationship t0 the speciEic 

liary cooling, reactor, power conversion system and primary and 
*' f';aamined for all three power systems. Based on an examination 

Zt'mPcWxre limitations and the state of development, the weight of 

~~~~~n~ can be defined with the result shown in Figure 2.2-1. 
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In the coniparisoiis, the PotnssiLui:/Rfluliinc systcni is cvnluntcd to bc cquivnlcnt 01' supcri - 

o r  in  all respects  except that thc powci- convcrsioii equipiiicnt for thc Briryton Cycle systcni 

is likely to be less dif@rdt to c l c \ . c ~ l o l )  ;~nd  tlic s:ts r;icli:itors ;LIX\ not s i i s cc~ i ) t i b l c~  to T r c ~ ~ i n g .  

On this l:%ttcr point, howcvcr, it i:iay be ncccssxry to substitutc a. segincmted and redundant 

liquid inetal radiator for the gas rxiiator i n  orclcr to obkiin high rclixbility. Therefore, 

this apparent adv:tntage may not, i n  fact, be prcsent. The xdvnntages of the Potassium/ 

Rankine systcni (snialler radiators th esul t i n  case of intcgrntion, fixed rndiator con - 

structioii, and lower spccific wcight) niorc than b:rlnnce the :tdvnntagcs of the gas powcr 

conversion equipment and, consequcntly, thc Potassiuiii/Rflili~inc powcr systems is evalu- 

ated to be nearest  optimum for tlic NAVIGATOR missions. 

2.2.5 POWER SYSTEM DESIGN 

For the Potassium/Ratilrine Power System, consideration is given to tlic lmnch and initial 
1 ,  sLari,-tip, iu ~l l t=i ; lud~ uf ~ L L L ~ ~ U V V I I  aLId LC:b)Ldr)L, c L l t u  Lu ikict;iud> uf pi-uk-i,&iig L L L , L , l , I I L , U L  ~ ' ..-.'~~'--' . p u \ v  - - * - - -  b L  

during the coast per iods of the NAVIGATOR missions. The problem of maintaining ttic 

liquid metal systems, especially the radiators, i n  a liquid state pr ior  to stttrt-up and during 

the coast period is par t icular ly  iniportant. 

features  will be required in the powerplants: 

This examination indicates that the following 

. The radiators will be thermally shrouded at launch and for  the first start-up. 

However, in further powcr reductions, radiator temperatures will be maintained 

above freezing by rejection of reactor  heal. 

A chemical a~x.iliary power unit sufficient. for  start-up and a 10 hour "wait" period 

pr ior  to start-up will be required. 

. During the coast periods OC both the orbi ter  and flyby missions, the reactor  will be 

operated at low power and reactor  energy will be traisferred to tllc radiators  via  

an auxiliary heat exchanger loop to prevent radiator freezc-up. 



. The auxiliary loop will include thermoelectric converters to produce sevcrnl kilo- 

watts of power. This is sufficient for "house-keeping" power and for miniirium 

communications with earth. 

, The power system for flyby missions will include re-start capability for either a 

ffdryfl or a Wetff start-up. 

. The operational sequence for the flyby missions is: 

- Launch and "holdff for 10  hours, 

- Start-up and operation at full power for propulsion, 

- §hatdown of the dynamic system with continued reactor operation at low 

power and with electrical power generation via the thermoelectric eon- 

ver%ers during coast, and, 

. The operational sequence for the orbiter missions is: 

- Launch and "holdff for 1 0  hours, 

- Start-up and operation at low power with electrical power generation via 

the thermoelectric converters during coast, and 

- Full power operation with the dynamic system for propulsion followed 

by payload power. 

Example designs for  Potassium/Rankine Powerplants were prepared for power levels of 

160, 240 and 320 KWe to confirm the validity of the parametric evaluations and to illustrate 
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characteristics of powerplants over the power range of interest, The powerplants a r e  

desigped to mate with the 260 inch diameter S-IV-B stage of the Saturn V velzicle. The 

pwerplants package within the available payload envelope with ease, allowing more than 

adequate space for the payload. 

2.2.6 SCIENTIFIC PAYLOADS 

The NAVIGATOR payloads include: 

, Landing Capsules 

- Surface landing capsules for the small planets and the large satellites 

- Atmospheric probes for the major planets. 

. Orbiter Scientific Instrumentation 

- Field and Particle Detectors 

- TVandOptics 

- Radar 

. t 'In-transit~~ Scientific Instrumentation 

- Field and Particle detectors 

- Solar and cosmic spectra 

. Communications and Data Handling Equipment 



There an extremely large number of scientific measurements that can 

the planetary and s r environments 

package must be delivered to a planetary or  satellite surface w 

4000 pounds of additional weight, and the data must be coniniu 

require 10's to 100's of kilowatts of power. 

Additionally, experiments that involve visual images (e. g. television or  radar pictures) of 

the outer planets require payloads of thousands of pounds and power levels of tens of kilo- 

watts. With adequate power, any total payload capability can be utilized to provide in- 

creased reliability through redundancy of experiments, to provide additional experimental 

sophistication, and to provide additional communications capability. This latt-er capability 

is particularly important for the outer planet missions in which. the Navigator will likely 

&nu appiicatton. 

Designs for typical payloads covering the range of 3,000 to 12,000 pounds were prepared 

and various methods of deploying the payload from the power system were considered. The 

payloads are designed to interface with any of the three Potassium/Rankine Powerplatits, 

thus providing interchangeability between payloads and powerplants . Typical combinations 

of Powerplant and Payload for the NAVIGATOR missions are shown in Figures 2.2 -2 and 

2.2-3. A 160 KWe power is shown with a 3,000 pound payload in Figure 2.2-2 and a 240 

KWe system is shown with a 12,000 pound payload in Figure 2.2-3,  It is possible to inter- 
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Volume 3 also examines several potential methods by which the performance of electric 

propulsion vehicles may be improved. These include the: 

. Use of two optimum electric propulsion periods after the vehicle is launched 

beyond escape by the multistage S-V, and 

. Use of a nuclear rocket stage in conjunction with the electric propulsion vehicle. 

Both of the mission modifications result in significant improvements in  trip time, operating 

time, and/or payload. 
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3. VEI-DCLE PROPULSION SYSTEMS 

3.1 RELATION OF NOM-ELECTRIC AND ELECTRIC PROPULSION VEHICLE PAYLOADS 

In the comparison of payload capabilities, it is necessary to relate the g-ross payload* of 

the chemical or chemical plus nuclear rocket vehicles to equivalent payloads for electric 

propulsion vehicles, This is necessary because in the electric propulsion vehicles (EPV), 

the propulsion power system can be used for payload power. 

It is also necessary to determine the minimum gross payload that is required to deliver the 

minimum acceptable scientific pay lo ad . 
3.1.1 PAYLOADS FOR "FLYBY" MISSIONS 

To adjust Non-EPV gross payloads for the inclusion of a power system, a minimum scienti- 

fic payload and communications requirement is defined. Volqm 2, Section 5, shott7s that a 

scientific instrument package or at least 480 pouncis w i i i  ~e requared ior the i5n-tranm~~i and- 

the planetary scientific sensors, The data output of these instruments cai  vary widely de- 

pending upon the particuhr experiments. I€ either radar or  TV systems are  included, the in- 

formation rate will  be l o 6  to lo7 bits/sec; whereas for other types of experiments, the in- 

formation rate may be a s  low as 2 x lo3 bits/sec**. The higher rate will favor the EPV 

vehicles as many kilowatts of power will be required; however, to assure a conservative 

comparison, the lower data rate is assumed, 

*Gross payload is the total delivered weight exclusive of the propulsion system, The net 

payload is that available for scientific experiments after allowance for structure, guidance 

and control, stabilization, communications, power and other necessary subsystems. 

**Voyager Spacecraft System Study", General Electric Company, Missile and Space 

Division, August 1964, Document No. 64SD933, 
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hssm~ing that the Deep Space Information Facility will be available only 2 hours per day, 

minimum communications rate of 24,000 bits/sec will be required for a single transmittal 

Qf the data generated by the scientific instruments. Figure 5.3-1 (Volume 2, CR-54348) bdi-  

Scientific Instruments, lbs. 

Power System, lbs. 

Equivalent Payload Weights 

caks that a power input of 10  KWe will be required for  this communications rate from Sa- 

turn with a 20 foot diameter sending antenna. Figure 3.1-1 indicates that a 10 KWe power 

system will weigh about 4600 pounds and the relationship shown iu Table 3.1-1 is obtaiued 

between EPV and Non-EPV €or Saturn. 

Electric Propulsion 
Vehicle 

480 
- 
480 Ibs. 

Non- E lectric 
Propulsion 

Vehicle 

480 

4600 

5080 lbs. 
- 

The 480 pound and 5080 pound payloads provide equivalent scientit'ic information; howeverp 

neither of these payloads is s&icient €or the mission. Additional payload 2s required for 

at  least the  20 foot diameter communications antennas (350 pounds), €or the communica- 

tions transmitters (15 lb/KWe), for high temperatiire payload cooling (8 lb/hWt), for 

guidmce and stabilization systems (500 lbs,), and €or structure (10% of gross payload). 

'This additional equipment results in the minimum total payload weights shown in Table 

3,f-2. The payloads of 1710 pounds and 6820 pounds are  the minimum necessary to sup- 

port the 480 pounds of scientific instruments delivered by EPV and Non-EPV, respectively,, 

The results for  the other planetary Flyby missions are  given in Table 3, l -2  also. 

The disparity between payloads for EPV and. Non-EPV reduces with increased payload size 

3s 6 h 0 m  by Figure 3.1-2, This figure relates gross Non-EPV payload f;o equivalent EPV 

pqloacl, The beginning point for each planet is the minimum payload given in Table 3,l-2. 

'Ih decreased disparity of payloads is a result of the proportionate increase h payload and 

cQ:Ilmunicatioris weight for both types of vehicles, the relatively small increase in power 

3Yt3tfXri weight for the Non-EPv vehicles and the overshadowing of the guidmce and stabili- 

i+z 0 i 0t1 3ys k m weight. 
,s.-:! 
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Table 3.1-2 h‘linin 

Planet 

I\iIercury, 
Solar Probe, 
Out-of-the- 
ecliptic 

Asteroids 

Jupiter 

Uranus 

Xeptune gL 
Pluto 

Communications 
Power, KWe 

0.1 

1.0 

3 

i n  

SeientiEc 
Instruments 

480 

480 

480 

A 0 0  

Guidance & 
Stabilization 

I 

-- -_ 
500 

500 

500 

. ~ n n  

Communication 
Antenna 

350 

3 50 

3 50 

OrrA 

cc 
I 



1-2 Minimum Payloads for Flyby Vehicles 
Weight, Lbs. 

Communication 
Transmitter 

30 

30 

45 

I i 56 

450 

1,500 

High 
Temp. Power 
Cooling System 

10 30 

10  300 

18 1,500 

nn I n r n n  vu x, U V "  

180 6,500 

600 8,200 

Structure 

150 

190 

320 

940 

1, 290 

Non-Electric 
Propulsion 

Vehicle 
Payload 
Weight 

1,550 

- 

1,860 

3,210 

e, 

9,400 

12,920 Lbs. 

Equivalent 
Electric 

Propulsion 
Vehicle 
Payload 
Weight 

1,520 

1,520 

1.540 

7 , f / . l  f i  

2,180 

3,770 lbs. 
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Figure 3.1-2. Relation of Gross and Equivalent Payloads for Flyby Missions 



~~~~u~ payload weights given in Table 3.1-2 can be combined with the gross pnyIoad 

tJflities of Non-EPV to give the result shown in Figure 3.1-3 and 3.1-4. In Figure 

the minimum payloads define an operational area o€ exclusion on the gross payload 

2''. *- i w~j4ch the all chemiczl, high thrust propulsion system cannot deliver the mhj.muni pay- 

I ~ J J ~  package €or the 5 x 10 mile solar probe. However, the payload is more than adequate 

1 3 ~  the other probes and nabor plaslet flybys. Figure 3.1-4 shows the similar relationship 

F L I ~  major planet Flyby missions, The Saturn E3 is adequate for the Jupiter mission al- 

6 

: b u g h  the trip time can be reduced significantly with the Saturn V all chemical vehicle. 

"rhe ~ a k u r n  and Uranus missions require the Saturn V all chemical system and the Pluto and 

C'r:mus missions require the Saturn V vehicle with a nuclear rocket stage to obtain near 

~ ~ ~ t ~ ~ ~ n a h l e  trip times with adequate payloads. 

Figure 3.1-2 can be used tu convert the gross Noa-EPV payload weights given in Volume 1 

*., *.liu:LLLLIb Y ~ Z J , ~ U ~ L &  wiilt iite reuuir; shown m r 'gures  3-1-5 and 3, I-4je These pay- 

fr:ads can he compared directly with those given for the electric propulsion vehicles. 

c ..,,-. -. .J. n - r z  

'The technique used to relate Non-EPV and EPV payloads and to determine minimum pay- 

Iwjs for the "Orbiters'f is similar to that used for the Flyby missions. However, since 

"'Orbitersif will be in dose proximj.ty to the target planet €or a much greater time and 

- PC txpected to provide more u s e b l  information on the planets and their satellites, the 

h u m  scientific payload is increased from 480 pounds to 3655 pounds, This allows the 

t X : U S i O t l  of a soft-impact landing c2psule (2600 pou.~ds)* and a hard-impact atmospheric 

: R ? k  (57 5 pcjunds). 

*"'"- 
! t f%?~~mh on S p a c e c r ~ t  and Powerplant Intepztion Problems", General Electric Company, 

:di.jcffc m d  Space Division, Feb, 1964, Document NO. 64SD505, 
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The data produced by the short-lived atmospheric probe can be stored aboard the vehicle 

and transmitted to  ieartli at a convenient rate; however, the 165 pourid IrLandertt instrument 

package will prodwe information continuously at a rate of about lo3 bits/sec. This informa- 

tion plus the 2 x l 

will require a minimum communications rate of 36,000 bits/sec. This is based upon a 

single transmittal s f  the data over a 2 hour period per day. 

bits/sec produced by the 480 pounds of vehicle scientific instruments, 

The resulting minkmm payload weights for the several "Orbiter" missions a re  given in 

Table 3.1-3. The disparity is small for the near planets; however, the disparity is large 

for the distant planets at even these modest communications rates because of the significant 

power requirements. 

The minimum payloads combine with the gross Non-EPV gross payload capabilities to de- 

fine an operational exclusion area as shown in Figures 3.1-7 and 3.1-8. The minimum pay- 

load and the total vehicle AV is greater for the tfOrbitertT missions than for the 'tFlvlwlt 

missions and, consequently, the Saturn V booster with all chemical or  one nuclear stage is 

required for all of &e missions.h The all chemical booster is adequate for the ininor planet 

missions; however a nuclear rocket stage is required for missions to Jupiter and beyond. 

The booster with a nuclear rocket stage is adequate for the Jupiter I and Saturn I missions; 

however, all the other orbiter missions, including the low altitude Jupiter and Saturn mis- 

sion, and the Uranus, Neptune, and Pluto missions, are beyond the capability of the chemi- 

cal plus neclear rocket system. 

The Non-EPV gross  payloads are related to the equivalent EPV payloads as shown in 

Figure 3.1-9. These relationships, can be used to equate the gross Non-EPV payloads 

given in Volume 1 fa equivalent E P V  payloads with the results sliown in Figures 3,l-10 aid 

3.1-11. These payloads may be compared directly with those given for the electric pro- 

pulsion vehicles. 
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hkrcury,  
Venus, Mars  

Jupiter 

Saturn 

Uranus 

N e ~ t u n e .  
150 3,655 500 i p'uiu 

3 50 

Communications 
Power, KWe 

0.15 

4.5 

15 

45 

Scientific 
Instruments 

3 , 6 5 5  

3.655 

3 ,655 

3,655 

Guidance & 
Stabilization 

500 

500 

500 

500 

Table 3.1-3, h l i n i m m  9. ,. 

Conirnunicat ion 
Antenna 

350 

3 50 

3 50 

350 
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far Orbiter Vehicles 

High 
Temp. 
Cooling 

15 

25 

90 

27 0 

900 

Power 
System 

50 

1,900 

5,200 

7,200 

8,900 

Structure 

500 

725 

1,130 

1,430 

1,845 

Non-E lectric 
Propulsion 

Vehicle 
Payload 
Weight 

5,100 

7,220 

11,150 

14,100 

Equivalcnt 
Electric 

Propulsion 
Vehicle 
Payload 
Weight 

5,050 

5,100 

5,350 

6,060 

18,400 8,500 
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~ o ; G ~ l l ~  1 defines a wide range of applicable missions for electric propulsion vehicles, 

~ t ~ ~ ~ ~ ~ e r ,  only a part of that range is afAainable because of the limitations on the minimum 

,4jitsPcqll~t specifiic weights that can be provided at the power levels required by the vehi- I -  
eim, 

the systems compared in Volume 2 {Section 3,8) it is concluded that the Potassium/Ran- 

power System is nearest optimum for the NAVIGATOR missions. These powerplants 

eqected to EX3Klt  in specific weights in the range of 25 to 70 lb/KTVe, depending upon 

fie power level and the! state ofthe technology. The specific weights are given in Figure 

3,2-1, 

The data on expected specific weights can be combined with the mission requirements to de- 

termine the EPV performance capabilities. This is illustrated as follows with the Jupiter I1 

Orbiter perfomauce as an example. Figures 6.2-32 and 6.2-31, Volume 1 are reproduced 

~EI Figures 3.2-2 md 3.2-3. The specific-web~~~/pcbwer-levef relationships shown on 
PI....-- n n * - -oI- - u o  ULV u + u ~ ~ - y L ~ ~ ~ v ~  un PX~IIPF? X, ~ - 2 ,  ThP ~p~rz$t:;c.;a: E i i i s D  &Iim& by the "sarly'1 

and f'Irnproved't techology po,rverpkats are 'crwderred to Figure 3.2-3 by noting the intercept 

of the technology liiw with the specific weight lines. The two technology lines on Figure 3.2-3 

then defhe the rna.x-ktrm payload that may be delivered in a given t r ip  time. The area to the 

rlght of each technology line defbes the operational region of significance. Howevero all 
of this range is not available because of the minimum payload limitation of 1500 p o n d s  

which is also shown on Figure 3.2-3. 

)addition, for comparison, the equivalent payload for a Saturn V vehicle with a nuclear 

rocket stage is plotted on Figure 3-2-3. As  shown, the payload is only sli 

than the estimated miniminn that will be. required, This complex of relationships is shown 

08 Figure 3,2-4 with the extraneous data deleted for clarity and with only the allowable 

Operational areas shown, It is clear in the case shown, that the non-electrical propulsion 

wh ich  is marginal in performance and that electric propulsion will be required to deliver 

a useful payload. 
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Figure 3-2-2, Jupiter 11 Orbiter Requirements 
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The integrated performance curve may be used to determine the performance of powerplants 

that are not necessarily optimum for the particular mission (io e. , a powerplant that is not 

exactly the power level and specific weight specified for the optimum mission). Each point 

on the optimum performance line represents a discrete power level and specific weight that 

can be obtained for each mission from the proper figure in Volume I, If excess payload is . 
available, the extra weight can be used as additional powerplant weight, thus allowing a 

specific weight greater than the optimum. For example, Figure 3.2-2 shows that a power 

level of 440 ICW and 8 specific weight of 25 lb/KT?e provide maximum. payload at 22,000 

hour trip time with an improved technology powerplant, 

The corresponding payload from Figure 3.2-3 is 10,000 pounds and the powemplant weight 

is 11,000 pounds. The payload weight may be decreased and the powerplant weight and 

specific weight increased as shown in Table 3.2-1. 

Table 3.2-1. Selection of Non-Optimum Powerplants 
for Jupiter 11 Orbiter Mission 

D n T u n m l o n f  
Payload 

AlOT.PX?CI TOT Power Levei 

3.3 COMPARISON OF VEHICLE PROPULSION SYSTEMS 

Integrated performance capability curves similar to that described above were prepared 

for each of the NAVIGATOR I'Flyby'' and l+Orbitertl missions defined in Table 3.3-1 with 

the results shown in Figures 3.3-1 and 3.3-2, 
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Table 3.3-1. NAVIGATOR Mission Bummasy 

-- 
Mission Type 

__ 

Fly -by 

Mission 

Solar Probe 

Mercury 

Asteroid Belt 

Jupi ter  

Saturn 

Uranus 

Neptune 

Pluto 

Out-of-the- Ec liptic 

7 i K  -.--- - - - J  

Venus 

M a r s  

Jupiter I 

Jupiter II. 
Saturn I 

Saturn 11 

Uranus 

Neptune 

Pluto 

Terminal Coiidi tiop 

6 5 (10) Miles  

Optimum Fly-By 

Optimum Fly-By 

Optimum Fly -By 

Optimum Fly-By 

1975 Fly-By 

1986 Fly-By 

1986 Fly-By 

35 Degrees 

3,000 Miles Radius 

1,170,000 Miles Radius 

262,000 Miles  Radius 

760,000 Miles Radius 

44,000 Miles Radius 

20,000 Miles Radius 

20,000 Miles Radius 

5,000 Miles Radius 
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3.3, I FL'PBY VEIrIICLE PERFOEMANGE (Figure 3.3-1) 

The Mercury Flyby can be accomplished with the Saturn IB Booster with either chemical or  

nuclear electric propulsion. The power range for the electric systems is generally below 

300 KVJe and the propulsion time range is below 5000 hours which is well within the capa- 

bility of an early nuclear electric power system. However, large payloads can be delivered 

in less time by the chemical system, 

The Asteroid-Belt Flyby Probe can also be accomplished with the Saturn IB, Either the 

llEarly'l o r  Wnproved" technology power systems are adequate; however, the all chemical 

propulsion system is superior. 

The Satllm IE3 is also adequate for the Jupiter mission provided that an electric propulsion 

system is used. The payload with the SIB all chemical system is clearly marginal and a 

Saturn V is required -lo surpass the EPV per€ormance. With the large difference in cost 

between the S-E3 and S-V, there is a strong incentive to utilize the S-W with an EPV. 

The Saturn Flyby mission is similar to that 'of Jupiter. The EPV can provide the necessaq 

payload with a S-IB instead of a S-V. The Saturn V chemical and Saturn IB EPV perfor- 

mance a re  essentially equivalent, The EPV with the  S-V provides significantly greater 

capability than either the S-V chemical o r  S-V Nuclear Rocket propulsion systems. 

The All Chemical S-V is not adequate for any mission beyond Saturn. The S-V Nuclear 

Rocket can provide a large payload for the Uranus mission; however, either of the EPVPs 

will provide significantly superior performance. 

The S-V Nuclear Rocket is not adequate for either the Neptuns o r  Pluto missions; however, 

both missions are  well within the capability of the nuclear systems. Operating times of 

10,000 o r  15,000 hours are  adequate and power levels are in the range of 100 to 2 0 0 W .  
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The Saturn XB and V chemical systems are not adequate for the Om05 a, u. solar prob.2, al- 

though the Saturn V chemical can provide a useful payload at 0. l a. um and greater distances. 

3.3-2 ffORBITER" VEHICLE PERFORMANCE (Figure 3.3-2) 

All of the 'lOrbiter*f missions examined require the use of the Saturn V booster as s h o w  by 

Figure 3.3-2, The Satuzn V chemical system can provide payloads of 20,000 pounds o r  

more for the Mars and Venus missions and a payload of 10,000 pounds for the Mercury 

mission. Thus, more sophisticated power systems will not be required for the exyloration 

of any of the inner planets. 

The S-V c h e m i d  system can also provide a modest payload of 6,000 pounds for the Jupiter 

I Mission; however, the S-V Nuclear Rocket of the electric propulsion system will likely be 

required to provide additional payload capability. 

For missions beyond 3upiter I, the Saturn V with electric propulsion will be required, The 

Jupiter I1 and Saturn E missions are well within the nuclear electric system capabilities; 

however, tor Saturn 11 and Uranus, the operating time exceeds 20,000 hours. 

The Neptune and Pluto missions will require the use of EPV; however, the mission pro€% 

assumed in these studies (i.em, launch of the EPV to greater than escape velocity with a 

S-V plus additional chemical stages) is such that the operating times and trip times are ex- 

cessive. Also, the optimum mission vehicle requires less than 100 KWe of power mid 

specific weights of 50 lb/KWe cannot be attained at that level. 

3.3.3 SUMMARY COMPARISON OF PROPULSION SYSTEM PERFORMANCE 

The previous comparison of propulsion systems can be summarized as shown in Tab1.e~ 

3.3-2 and 3.3-3. The tables define: 
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Mission 

Mercury 

Asteroid 
Belt 

Jupiter 

Saturn 

T_'rtml.s 

Neptune 
& Pluto 

Solar Probe 
5 x 106 mile 

Table 3.3-2 Comparison of 

Saturn IBPlus 
Two Chemical 

Stages 

Trip 
Payload Time 

5,000 2,050 ::: 
P R O  

:ATURN IB 
Plus 

Early Technology Improved Technolos? 
Electric Propulsion Electric Propulsion 

Vehicle 

Trip 
Payload Time 

Lbs H r s  

5,000 4,600 

5,000 11,600 

5 ,000  16,000 - 
7,000 30,000 

7 7 - 7 t - m  

Time H r s  Lbs 

5,000 6,050 



lsion Systems €or Navigator Flyby Missions i$ SYSTEMS ii - ---- -l 

SATURN V 
S a k r n V  Plus  Plus One or  Two Chemical Stages 

Saturn V P l u s  One Chemical AND 

One Nuclear 

7,000 35,000 15,000 

~ 

Not Avkilable 5 ,100  2,500 2,000 

Improved Technology 
Electric Propulsion 

V eh ie le 

Time H r  1 

7,000 11,000 10,000 l i  
' I ;  i)Oll I 18; uuu 

7,000 26,000 

10,800 2,500 

13, vvv 

15,000 

2,000 
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The general range of missions in which a particular propulsion system will find 

applicatiomz, 

The range in which tbe systems either exceed or  do not meet th minimum payload 

requirements, and 

ion system that is nearest optimum for the mission, 

The systems are compared for discrete missions at either equivalent payload or  equivalent 

trip time. The optimum propulsion system is selected, based upon consideration of pay- 

load, booster cost, and system capability. Geiieralljr, the Saturn fB or  V boosters with 

additional chemical stages are selected to the limit of their capability. Substitution of either 

nuclear rocket or electric prapulsion vehicles for the 3rd and 4th cdernical stages on the 

S-V will involve additional cost and, therefore, will likely be delayed for  missions in which 

the ail1 chemical system cannot deliver the minimum required payload. 

- - _ .  ._- - . . - 1 -  - - ^. . d - -  . -  _ - _  - .  
A L l G  i % X G L G ; U L . ~ .  XXDLZilVi.U U G l G ,  cUS.4 tJ!A&JibGL 2 L.YLJJ ~ Y I I D D L U A L ~ ~  U L G  L % J l L l p U A G - ; i i  1 1  cZUJ.G 0. ~ - . C A I  a b  

payloads oi 5,000 pounds. The SIB with 2cldcd chemica1 stages is adequstte for the ?Mercury 

and Asteroid Missions as indic2ted. The Jupiter mission can be accomplished with electric 

propulsion with the saving of cost between a 5-V and a S - D *  

The Saturn through Pluto Flyby Missions are compared at a payload of T 2  000 pounds, As in 

the case of the Jupiter Mission, the S a w n  mission can be accomplished with €he S-IB with 

electric propulsim whereas, the chemica2 or  nuclear rocket uppr stages will require the 

s-v. 

For Uranus, NepMe, and Pluto the electric propulsion system is rrcpired and it provides 

a s i ~ ~ i c ~ t ~ y . l o ~ ~ ~  trip time, It is important that the Jupiter, Uranrrs, Wepkirn and Pluto 

missions can utilize the fea&ylf technology powerplait, thus allowing the orderly develop- 

ment of the "improved" technology poworpl aat co~curreat  with the accoxnplishnzerit of useful 

missions. 
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~b~ h l ~ s ,  Venus, and Mercury fvOrbiterfl Missions a re  compared at a payload of 10,000 

F u n d s  (Table 3,343). The Saturn V chemical propulsion system is adequate for all three 

fasions. 

The Jupiter I Mission requires either the S-V chemical o r  Nuclear Rocket. The Nuclear 

Rt>.cket upper s tee  wi l l  deliver the same payload in a lower trip time (6500 hours less). 

The Jupiter I1 mission is beyond the capability of the S-V chemical and either Nuclear Roc- 

ket; or  electric propubion is required. The Nuclear Rocket provides a significantly lower 

trip time; however, Figure 3.3-2 indicated that 5,600 pounds is the maximum payload that 

can be delivered. This is near minimal and, therefore, the electric propulsion vehicle will 

likely be required. 

The electric propulsion vehicle provides greater payload for the Saturn I mission and is 

required for all missions beyond the Saturn I Orbiter. 

tails omifAed to emphasize the correlation of mission and propulsion system. The tables 

show that: 

ta The S-IB with added chemical stages is clearly adequate for 2 Flyby missions 

(Mercury and Asteroid Belt). 

0 The S-V with added chemical stages is clearly adequate for 3 Orbiter missions 

(Mars, Venus, Mercury) and possibly the Jupiter I mission, It is not superior for  

any of the flyby missions. 

* The S-V with a nuclear rocket stage is not required for any of the Flyby missions, 

but has possible applications in two of the Orbiter Missions, 



NLISSION 

Mercury 

Asteroid 
Belt 

- .. 
u up L C C L  

Saturn 

Uranus 

Nep tine 
& Pluto 

Saturn IB Plus 
Two Chemical 

Stages 

- - 
Plus 

Early Technology Improved Technology 
Electric I? ropulsion Electric Propulsion 

Vehicle Vehicle 



Tabje 3.3-4 Comparison of Propulsion Systems for Navigator Flyby Missions 

PROPULSION SYSTEMS 
I I  - 

Saturn JB 
Plus /I Saturn V Plus  

E:;-Q Technology 
:I& i i c  propulsion 

Vehicle 

-. I 

Two Chemical 
Improved Technology Stages 

Electric Propulsion 
Vehicle 

& II H 

/I 

Saturn V Plus 
One Chemical 

and 
One Nuclear 
Rocket Stage 



+ for Navigator Flyby Missions 
. -- I 

Saturn V Plus 
One Chemical 

One Nuclear 

P I U S  One o r  Two Chemical Stages 

SELECTED PROPULSION 
SYSTEMS 
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The electric propulsion system is clearly superior for 5 Flyby missions (Jupiter, 

Saturn, Uranus, Neptune, and Pluto) and for 3 Orbiter missions (Saturn I, Saturn II, 

and Uranus) with possible application for the Jupiter 11 Orbiter Mission. All  but 2 of 

the electric propulsion missions can be accomplished by the 'fEarlylf technology 

powerplait. 

o An alternate propulsion profile will be required for the more distant outer planet 

Orbiter Missions. A S-V booster with Nuclear Rocket and electric propulsion vehi- 

cle upper stages may deliver the necessary payload (10,000 pounds) in a reasonable 

trip'time (30,000 hours). 
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4, PERFORMANCE IMPROVEMEW. POTENTIAL 

FOR ELECTRIC PROPULSION VEHICLES 

The Navigator mission performance capabilities presented in the preceding section a re  the 

result of a superposition of the powerplant technology characteristics obtained from Vol- 

ume 2 upon the mjssion performance results of Volume 1, The Volume 1 data is obtained 

from a double o p W z a t i o n  process for the identification of the optinium combinations of 

power rating, specific impulse, and initial stage velocity to achieve maximum payload at 

constant trip time a d  powerplant specific weight, These data are based upon the use of an 

initizs9 chemical rocket propulsion phase to achieve stcage velocities up to 40,000 fps and 

upon the use of a s h g l e  continuous electrical propulsion period - before the  heliocentric 

coast $or the fly-by missions and after the coast for the orbiters,, 

The foflowing sec tbns  will indicate the potential for obtaining improved mission performance 

as a result of a sexection of alternate analytical techniques o r  mission ground raw. These 

improvements a r e  of sufficient magnitude to warrant more detailed investigations i n  each of 
L l . - - -  --..--- 
LIIGBCS d L G f f i D o  

4e 1 OPTEMIZATION PROCESS 

The payload-power variation for those missions which a re  compatible with the improved 

techmbgy powerplants are illustrated in Figure 4,l-1, Included are  the resulting charac- 

teristics of the Asteroid, Jupiter, Saturn, and Uranus fly-by missions and the Mercury, 

Jupiter I and IX, a d  Saturn I orbiter missions, The remaining missions are omitted be- 

cause of excessive power requirements (Venus and Mars orbiters) o r  excessive powerplant 

weights (Uranus, Neptune, and Pluto orbiters). It is apparent that each of the missions 

s h o w  can be performed with an improved technology powerplant of the order of 260 to 

with the exception of the Saturn I and Mercury orbiters, The Saturn I orbiter mis- 

sion was, therefore, selected to illustrate the effects of operation at  non-optimum power 

levels and the consequences of revising the basic optimization process, 
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Figure 4.1-1. Navigator Payloads - Power Summary with 
Improved Technology Powerplants 



Figure 4, 1-2 Uustrates the resulting Saturn I orbiter pcr€orman.cc for an initial stage velo- 

city of 25,000 fps with the improved level of powerplant technology, The trip time variation 

with power level is shown for a series of constant payload lines, Optimum operation occws 

at the minimurn trip time point of each payload line and represents the results of an opti- 

mization at a constant technology level. The comparable l ine of optimum operation obtained 

from the constant specific weight optimization is included as a reference, Hote that the 

constant technology line involves a substantial increase in optimum power requirements in 

conjunction with some reduction in trip time requirements at constant payload It is a p  I . 

parent, however, that considerable latitude is available in power level. selection with only 

minor trip time pendty at most payload  level.^, Additional freedom of choice is a v d a b l e  

through variation of the initial stage velocity which has not been included in this investiga- 

tion. It can be concluded, therelore, that the constant technology optimization process 

should be utilized in subsequent investigations, 

4.2 MBSIQN PROFILE 

The mission profiles examined in this study involve an initial high thrust acceleration with 

of the fly-by missions, the electrical propulsion period occms irmnedtiately a€ter chemical 

propulsion and is followed by a heliocentric coast period which lasts until the planetary fly- 

by oecurs. The orbiter missions, on the other hand, do not initiate electrical propulsion 

until after the heliocentric coast period is completed, This approach in which no electrical 

propulsion is required before the coast period eliminates the need for either a shutdovm- 

restart capability o r  for extended operation at idle power for the orbiter missions. Instead, 

a remote powerplant start-up after an extended soaking period is required, 

An alternative is the use of an optimum coast mission profile in which the electrical pro- 

pulsion operation is divided into two discrete periods, one preceding and one €allowing the 

heliocentric coast period, This approach provides comparable or  shorter orbiter tr ip 

times with reduced initial chemical stage velocities which, in turn, result in larger nuclear- 

electric spacecraft initial weights, The large initial weights permit the use of higher power 
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levels of lower specific weights, Fi,we 4,~-1 illustrates typical performance capabilities 

for the Uranus, Neptune, and Pluto orbiter missions for a 300 KW improved technology 

powerplait and a 21,000 fps initial stage velocity, This is the lowest stage velocity that can 

be used with the SafxrnV booster and still permit earth orbital test flights Wth the Saz;Urn 1% 

Payload is constant at 6000 lbs, The data illustrates the trade-off between propulsion and 

trip time, 'fie dotted line represents comparable performance with a single propulsion 

period at a powerplant Gpecific weight of 30 lbs/KW which corresponds to the improved tech- 

nology specific weight at 300 KW. However the power levels associated with the single 

propulsion period operation are substantially below 300 KW and, therefore, represent a 

more advanced level of powerplant technology, The optimum coast approach permits trip 

time reductions of the order of 30 to 40% at constant payload and propulsion time require- 

ments to the level of 12,000 to 14,000 hours with no sacrifice in either payload or t r ip  time, 

The data represent an arbitrary selection of power level and initial stage velocity, Further 

improvements may he available by more detailed investigations designed to optimize the 

choice of these parameters for either minimurrr trip time, minimum propulsion the, or  
- ~ . -  ~- 

U W U . l G  bULlJMUlLzL5Ull U L  L l l G  b:%'U. 

4, 3 NUCLEAR ROCKET BOOST' 

The preceding performance data is based upon the us.e of three and four stage Saturn V 

booster configurations with LOX-LE used in the upper stages, A substantial increase in 

booster payload capabilities can be obtained in the 20,000 to 40,000 fps stage velocity regime 

by the use of a huclear rocket of the N e m  me for the third stage in place of chemi- 

cal propulsion, 

Figure 4,3-1 summarizes the performance capabilities of the Saturn 5 - Nuclear Rocket 

for the Uranus, Neptune, and Pluto orbiter missions, These data were obtained from the 

continuous propulsion - constant powerplant specific weight optimization results of Volume 1 

by scaling the power and payload characteristics at constant trip time and stage velocity. 

The scaling factors, in general, exceed 2:l in the 20,000 to 40,000 €ps regime, 
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resul tbg inerease in power requirements permits matching both the early and the improved 

powerplant technology characteristics with the requirements €or the above missions czs ii- 

lustrated in Figure 4.3-1. This approach results in substantial payload improvements with 

respect to the iiominal Uranus, Neptune, and Pluto orbiter performance given in Volume I, 

Additional performance gains should be available for  the above missions by combining the 

nuclear rocket approach with the optimum coast mission profile of Section 4,2 and with the 

constant technology optimization process of Section 4,1, 

4 4 HIGH TEPnUST QRIENTATIUN 

The ortentation of the idtia3 high thrust acceleration with respect to the sun will have a 

significant effect on the low acceleration propulsion requirements for the Navigator mis- 

sions investigated, Recent analytical studies performed under Contract No, NAS 8-1 1423 

(Study of Low Acceleration Space Transportation Systems) have succeeded in identifying the 

criteria for achieving the optimum orientation, The results of these studies were used to 

compare the optimum propulsion requirements with those used in the previous and presmt 
>?~x.<mq+n** a & ~ & o c  TC i o  o r \ n o ~ * - C  €,.e- C h m n ,  ,,,,,.-,-4rr-r-- .&L,.L r r - - - - c  - 1 1 2 ~ .  7 --.-r- .. -. . - =------ ------. *v *u -yrwa. v l i u  .LJ. V I A L  ullVUU U V I I L ~ ~ L A U V I I U  blIUb U U l L L C i  L L U t L I W U L L S L l .  P G l l U I  1llCtLlC;G 

improvement may be a x d a b l e  in the Navigator missions of interest, 

Figure 4,4-1 summarizes the variation in the propulsion parameter: 

J =  a2 dt 

with trip time for a series of optimum power limited (variable thrust) Earth-Mzrs trajec- 

tories, The top curve is the  base point for low acceleration transfer with no initial high 

thrust acceleration from a circular Earth orbit to aa assumed circular Mars  orbit about 

the sun, These data a r e  obtained by satisfying the transversdity equation: 

L J 
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3t each end of the heEocentric transfer trajectory, This equation is valid €or the case where 

fie b ~ u d a r y  orbit ( i ~ t i d  or termbid) is either a circle or  an ellipse and the boundary 

Btar,C vlw.itlblcs are related by the conventional elliptical equations : 

e: GM sin v 
H U =  

E2 
GN fi + e  cos v] 12 = 

(3) 

(4) 

The previous Navigator studies (Reference 1) were based upon the assumption that equa- 

"Jon (2) could be used to obtain trajectories with a specified initial hyperbolic excess velo- 

~0th~ if equations (3) and (4) were replaced at the initial point by: 

U = V  C O S ~  N 

. . . ... . .  . .. - ._ . _. 
\ T  z .  .. -.  _.. - I C ,  . '1 ,r.. 1 . '1 .( F 

*.._I.- ".-e "yuuYS.v"Y \"I LWLU \ v i  1~va.u v i u y  IVA u vIIbLcLL(.J. I L C I U W ~ b l 1 L J . A l - r  V I U L b  r L l L U  #a1145 L l L C  UIIKIG CI. 

de"&cs die orientation of the hyperbolic excess velocity vector with respect to the local 

radizl direction, The resulting data are illustrated in Figure 4.4-1. 

, 
?The tangential data shown in Figure 4,4-1 were obtained from Reference 2, These data a re  

b-wed upon the use of the following assumption: 

in place o€ equation (2), Equations (5) and (6) are maintained at the initial point and equa- 

:dww (21, (3), and (4) at the terminal poiilc, 

' rh  present Navigator studies (Volume I) employ the one-dimensional correlation teclxGque 

f ~~~~~~~1~~ 4 to correct the zero velocity data for the hyperbolic excess velocity. This 



2 

4.4- - t 
Jz = J 

0 

The optimum data is obtained from a re-formulation of the calculus of variation problem with 

the initial boundary state constrained by equatiorrs (5) and (6). This approach leads to the 

revised transversality equation: 

The optimum data is then generated by a series of trajectory calculations using equations (5), 

(6), and (9) at the initial boundary state and equations (2), (3), and (4) at the terminal boun- 

dary state,, An empirical correlation of the difference between the optimum data and the 

phase 2 data indicate a variation of the form: 

3 TT 
H t  J2 - Jo = 

1*5 
RM 

I?,?~c RNI 2 fit~n_cEcn trip t z g p  2nd hv?wrhniTr. veIncitJr 2nd 7s OT The omer 01 *[(J TO ?JJ 
d A  

milkion miles. Although additional. trajectory calculations will be required to obtain the 

optimum data for the Navigator missions, there u7ould appear to be the feasibility of sub- 

stantial reductions in low acceleration propulsion requirements for the high hyperbolic 

velocity case of interesh 
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5. CONCLUSIONS 

This section presents a brief summary of the principal conclusioiis of this study. The 

pertinent sections from which these conclusions are derived are also given. 

o The comparison of up-rated SNAP-8, Brayton Cycle and Potassium/Rmkine 

Power Systems shows that within the technology limits specified for this study, 

the Potassium/RanIcine Power System is nearest optimum for the Navigator 

Missions (Volume 2, Section 3.8). 

0 It appears possible to provide power system shut-down and re-start capability and 

to provide several kilowatts of electrical power during the coast period without 

significant penalty on power system weight (Volume 2, Sections 4.1, 4.2 and 4.3). 

e The use of variable specific impulse can increase electric propulsion vehicle pay- 

load capability by 10 to 15% for some missions. Additional investigation is 

required to determine whether the performance advantage is sufficient to off-set 
. n .  . tke s > r ~ t ? ~  c ~ ~ : $ d ~ i t f e ~  r ~ q ~ i r ~ i !  t~ piA~>-kk yiii-L';&lt; b p e ~ ; u i ~ :  uripuise operation 

(Volume 1, Section 7)Q 

ea The all chemical propulsion system will likely be adequate fo r  the Mercury and 

Asteroid Belt Flyby missions and for  the Mars ,  Venus, Mercury and Jupiter I 

Wrbitertr missions, (Volume 3, Section 3.3). 

The electric propulsion system will provide superior performance, will save the 

cost between the S-V and S-IB booster, o r  will be required for the Jupiter II, 

Saturn I, Saturn 11, and Uranus Orbiter missions and for the Jupiter, Saturn, 

Uranus, Neptune, and Pluto Flyby missions (Volume 3, Section 3,3).  

An electric propulsion system that utilizes an early technology power system can 

competitively accomplish Flyby missions out to Pluto and Orbiter Missions out to 

Saturn. The early technology electric propulsion system can, therefore, be used 
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3ccomplish useful missions with concurreat development of improved systenls 

far b o  mdxernely difficult p l m e w y  missions (Volume 3, Section 3.3)* 

e r  examination is required to evaluate the improvement in electric propul- 

sion vehicle performance from: 

- the use of two optimum electric propulsion periods after the vehicle is 

1auo.ehed beyond escape by the multistage S-V, 

- the selection of the optimum orientation of the high chemicd thrust 

imparted to the vehicle. 

the use of a nuclear rocket stage in conjunction with the electric 

propulsion vehicle {Volume 3, Section 4). 

- 

Payload optimization studies a t  a constant powerplant technology level are more 

rne,ming-ful and useful than optimizations at constant powerplant specific weight 

prolwne 3, Section 4). 



6. NOMENCLA.TURE 

a 

a 
0 

0 
A 

AU 

G 

I 

k 

I 
SP 

2 Low thrust acceleration, miles/hr . 
2 

Initial low thrust acceleration, miles/hr - 
Co2fficient of specific power equation, kw/lb thrust, 

Coefficient of specific power equation, kw sec/lb thrust. 

Astronomical unit, solar distance divided by the mean distance of the Earth 
from the Sun. 

Constant thrust-optimum coast, low acceleration heliocentric trajectory 
optimized to minimize J with constant thrust operation. Results in intermediate 
coast period 

Declination, celestial lattitude measured with respect to the ecliptic plane, 

Ecliptic plane, the plane of the Earth's orbit about the Sun, 

Fly-by trajectory, one which matches position but not velocity with target 
planet e 

E x  h-sl  G L  av iiiztiuuai acxeieration, *( Y ,  U ~ Y  miles/hr , 

Universal gravitational constant, 9.40382 (10) l4 miles /lb h r  

2 

3 2 

- Geocentric, central body motion with the Earth as the center of the force field. 

Heliocentric, central body motion with the Sun as the center of the force field. 

-1 
High thrust, acceleration involving thrust weight ratios greater than (10) 

Hyperbolic excess velocity, the geocentric o r  planetary residual velocity at 
infinite distance from the center of the force field, 

Inclination angle, the angle between an orbit plane and the ecliptic plane. 

Inclination angle change generated by high thrust, 

Inclination angle change generated by low thrus t  

Thrusfm specific impulse, lb thrust/lb per second fuel, seconds. 
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2 .  3 Low acceleration propulsion parameter ,  miles ihr . J 

L Character is t ic  length, measure of low acceleration ~)rupuIsion TI-.;..:: r: --: ; T L ,  

miles, 

Minimum charactcrist ic length, miles. rn L 

Character is t ic  length parameter extrapolated to zero t r ip  tinzc, r ~ ~ i j ~ t : ~  

-- Low thrus t ,  acceleration involving t h r u s t  w i g h t  ratios less thmi (11~)~". 

M a s s  of the Ear th ,  1.3177 113, 

0 
L 

e 
M 

M 

M 

N 

M a s s  of the target  planet, 

M a s s  of the Sun, 4.3894 (10) 

Vector normal to orbital plane, 

P 
30 

Ib,  
S 

Optimum variable specific impulse, low acceleration heliocentric trajectory 
optimized to minimize <J a t  constant power. Results in large (40:l) specific 
; --.. 1-.- --,.-.:-, . _ _ _  . ^-"'VI'. 

Orbital  period, the period of revolution of an orbit, 

Orbital  plane, the plane defined by the instantaneous radius and velocity vectors 
with resyect to the central  body, L 

Orbitert-sajectory, one which matches both position and velocity with the target 
planet and which can be converted to a low altitude planetary orbit  with additiona. 
propulsion, 

P 

0 
P 

pf 

Power rating, kw, 

Radius of orbi t  with respect  to Earth,  miles. 

Radius of orbi t  with respect  to target planet, miles, 

Perihelion, - the point on a heliocentric orbi t  which is closest  to the Sun, 

Planetary,  central  body motion with the target planet as the center  of the force 
fielde 

Quasi-circular,  an orbit  approximation in which the actual velocity is assumed to 
be identical with the circular  orbital velocity. 
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R Radius vector with respect to the Sun, miles,, 

e R 

R 

R 

0 

P 

Rt 

m R 

t 

C 
t 

th 

t. 
m 

t 
P 

t 
Ph 

t 
Pl 

T 

V 

e V 

'hl 

vh2 

V 
j 

Radius of the Earth's orbit  with respect to the Sun, miles, 

Radius with respect to the Earth, miles. 

Radius of the target planst with respect to the Sun, miles, 

Radius with respect to the target planet, milcs, 

The equivalent of infinite radius at which the Earth or pl.a.net no longer has  any 
effect on the orbit. 

Time, hr, 

Coast t ime,  hr, 

Heliocentric tr ip time, h r  

Trin t i m e  at. which characterisiic leileth minimizes . hr- 

LOW acceleration propulsion time, hr,  

Heliocentric propulsion time, hr, 

Planetocentric propulsion t ime, hr. 

Total t r ip  time, ht; 

Thrust, lb. 

Two point boundary problem, problem involving a number of constraints at the 
initial and terminal ends of a trajectory which must be solved iteratively to 
satisfy the terminal conditions e 

One dimensional velocity obtained by integrating acceleration in field free space 
or  heliocentric velocity vector e 

Velocity of the Earth with respect to the Sun, inph. 

Hyperbolic excess velocity with respect to tho Earth, mph. 

Hyperbolic excess velocity with respect to thc target planet, mph ,, 

Thruster jet  velocity, mph . 
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0 
V 

0 
V 

t V 

v2 

v3 

Avcl 

AV 

AV 
g 

*'h 

Initial orbital velocity with respect to Earth, mph. 

hl O 

Initial one dimensional velocity and equal to V 

Terminal orbit velocity with respect to planet, mph 

One diinensioiial velocity at  coast, mph, 

Terminal one dimensional velocity and equal to V 
h2 a 

Low thrust characteristic velocity and equal to g I 

Constant low thrust heliocentric characteristic velocity, mph . 
1 n p o  rnpb, SP 

Geocentric AV requirement for achieving parabolic escape from initial circular 
orbit at 300 miles, mph. 

Heliocentric characteristic velocity requirement, mph, 
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